Abstract. The indentation behaviour of aluminium foams at low velocity (10 m/s ∼ 30 m/s) was investigated both in experiments and numerical simulation in this paper. A flat-ended indenter was used and the force-displacement history was recorded. The Split Hopkinson Pressure bar was used to obtain the indentation velocity and forces in the dynamic experiments. Because of the low strength of the aluminium foam, PMMA bar was used, and the experimental data were corrected using Bacon's method. The energy absorption characteristics varying with impact velocity were then obtained. It was found that the energy absorption ability of aluminium foam gradually increases in the quasi-static regime and shows a significant increase at ∼10 m/s velocity. Numerical simulation was also conducted to investigate this process. A 3D Voronoi model was used and models with different relative densities were investigated as well as those with different failure strain. The indentation energy increases with both the relative density and failure strain. The analysis of the FE model implies that the significant change in energy absorption ability of aluminium foam in indentation at ∼10 m/s velocity may be caused by plastic wave effect.
Introduction
As a lightweight energy-absorbing material, aluminium foam has been widely used in automotive industry and aerospace engineering [1] Researchers showed more and more interests in mechanical properties of this material, especially the energy-absorbing mechanism. When this material is frequently used in blast-protected devices [2] , indentation becomes a potential mode of failure. Ramachandra et al. [3, 4] experimentally investigated the indentation behaviour of an aluminium foam under dynamic loads. In their research, drop-tower experiments were used to investigate the energy-absorption ability of aluminium foams under a velocity of 3∼30 m/s. It was found that there is significant change in energy absorption ability of aluminium foam in indentation at ∼10 m/s. But the experimental data at velocity of 3∼30 m/s were limited, and the indentation velocity was not constant in droptower tests. Besides, the role of the tearing energy in indentation at low velocity is still unknown. In this paper, the SHPB (Split Hopkinson Pressure bar) was used in indentation tests and an FEM model was established to investigate the energy absorption ability at the velocity of 10∼30 m/s. Empirical formulas were obtained to describe the relationship between the indentation energy and the indentation velocities.
Materials and method

Materials and specimens
Commercial closed-cell aluminium foam, ALPORAS, was used in this study. This foam was made from aluminium with 1.5% of Ca and 1.5% of Ti as well. The average a Corresponding author: liyulong@nwpu.edu.cn pore size is ∼3.5 mm and the nominal relative density of this material is ∼0.09 as provided by the manufacturer. A typical macroscopic view of this material is shown in Fig. 1 .
The dynamic indentation tests were conducted on blocks of 20 × 35 × 50 mm. A steel plate with thickness of 2 mm was used as indenter and was attacthed to the end of incident bar of SHPB system. To eliminate friction between the specimen and the indenter, the shank of indenter was chamfered at a small angel. The experimental set-up is shown in Fig. 2 .
The projected area of the indenter is 20 mm × 20 mm, which covers ∼30 cells to ensure the measured data represent the average response of this material. For comparison, the dynamic compression specimen is designed as a 20 × 20 × 20 mm block. Both indentation and compression specimen are shown in Fig. 3. 
Experimental method
SHPB system was used in both the indentation and compression experiments. The conventional SHPB analysis is based on the one-dimensional elastic wave propagation assumption. The incident pulse ε i (t), the reflected pulse ε r (t) and the transmission pulse ε t (t) can be recorded by the strain gauges attached to the incident bar and the transmission bar. According to one-dimensional stress wave theory, these signals can be shifted to bar-specimen interfaces. Thus, the velocities and the forces at both faces of the sample can be obtained from the following equations: 
where V input , V out put , F input , F out put are particle velocities and forces at the interfaces, C 0 , E, S i and S t are, respectively, the longitudinal wave speed in the pressure bars, Young's modulus, the cross-sectional area of incident bar and the cross-sectional area of the transmission bar. Due to the low strength of cellular materials, the signals from strain gauges on metallic bars would be weak, which leads to a low signal-noise ratio. PMMA bars were used in this study to avoid this problem. The incident bar is 2 m in length with a diameter of 18 mm and the transmission bar is 1 m in length with a diameter of 59 mm. However, as PMMA is a viscoelastic material and the wave dispersion effect cannot be neglected when stress wave propagates in the bar, the signals need correction before being used. Bacon [5] developed an experimental method to correct the dispersion effect. If the lateral motion can be neglected in a straight cylindrical bar, the normal stress σ (x, t) and the longitudinal strain ε(x, t) are related to the axial displacement u(x, t) at cross-section x and at time t by ∂σ (x, t)
Equations (5) and (6) can be written in one equation in the Fourier domain:
where ρ, ω,σ (x, ω) andε(x, ω) denote the mass density of the bar, the angular frequency, the Fourier transforms of the stress and strain, respectively. Then, the linear viscoelastic behavior of the material can be expressed as follows:
where E * (ω) is the complex Young's modulus. From Eqs. (7) and (8), the one-dimension equation of axial motion of a viscoelatic bar can be written as follows:
where the propagation coefficient γ can be expressed as follows:
The general solution for equation (9) is:
where theP(ω) andÑ (ω) are the Fourier transforms of the strains at x = 0 due to the waves traveling in the directions of increasing and decreasing x, respectively. To determine the propagation coefficient γ , an experiment was conducted. A strain guage was attached in the middle of the incident bar where x was set 0. The incident bar was impacted by a very short projectile at its left end with its right end (x = d) free. Two strain signals without superpostion was recorded as ε 1 (t) and ε 2 (t), which refers to the incident wave and the reflected wave, respectively. According to Eq. (11):
Since the right end of the incident bar is free, the strain at the right end is 0:P
Then the propagation coefficient γ can be solved as: A MATLAB program using the above method was written to correct the experiment result. To verify the correction result, a SHPB test without specimen was performed. Using Eqs. (3) and (4), the input and output forces can be obtained and these forces should be equal. Figure 4 shows the comparition bewteen these two forces and the result indicates that the correction method can be used in our study.
Experimental result and discussion
Compression and indentation forces
A typical pair of velocity histories of the dynamic indentation test is shown in Fig. 5 . The particle velocity at the end of the transmission bar is nearly zero in the test. For velocity of the incident bar, there is a plateau of a duration of ∼0.0005 s, which means the impact velocity is constant. Both indentation and compression tests were conducted and typical curves of normalized force versus normalized indentation depth (compression depth for compression tests) are shown in Fig. 6 and Fig. 7 Note that the force F was normalized with respect to the contact area between the indenter and specimen. The normalized indentation depth was the indentation depth or compression depth d divided by the thickness of the specimen L.
Deshpande and Fleck [6] tested Alulight and Duocel foams but no velocity sensitivity was observed. While in this research, in both indentation tests and conpression tests, the plateau force shows great velocity sensitivity. Compared with the case of quasi-static loading, the plateau force in indentation at ∼30 m/s velocity is nearly doubled. Note that the plateau forces in indentation tests are higher than in compression tests due to the forces needed to tear the materials beside the indenter. To show the relationship between the normalized plateau force and the loading velocity, the dynamic plateau forces diveded by quasi-stiac value of all specimens are plotted in Fig. 8 , as well as the data from Irausquin et al. [7] They evaluated the dynamic behaviour of closed-cell aluminum foam ALPORAS 10% using SHPB. In both our tests and Irausquin's tests, there is a significant increase in the specific plateau forces with the increasing velocity between 10 m/s∼30 m/s. As the the cell wall material is mainly made up of aluminum, which has no obvious rate sensitivity, the cell wall material cannot lead to this increase. On the other hand, according to Gibson and Ashby [8] , Dashpande and Fleck's [6] research, the contribution of gas trapped in cells is so small as to be negligible for this increase. Microinertia effects of the cell walls [7, 9] or the plastic wave [10] may cause this phenomenon. Further discussion will be conducted in FEM analysis.
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Variation of Energy
The energy absorbed per unit displaced volume, E, is plotted as a function of the indenter velocity in Fig. 9 . Quasi-static experiment result is also added. For comparison, Paul and Ramachandra's [4, 11] compression tests results are plotted. Note that the size of indenter which Ramachandra used is different from this research, their indentation tests results are not presented here. For a given velocity within the range of 10 −6 m/s ∼30 m/s, E for indentation is significantly larger than the corresponding value for compression due to the mechanisms of tear and shear involved in indentation. And it can be observed that E varies gradually with the velocity of up to ∼10 m/s and it increases dramatically above a velocity of ∼10 m/s. This phenomenon implies different mechanism domainates in these two ranges. As researched by Paul [11] , the gradual increase of E or plateau stress is due to the microinertia effects of the cell wall, another mechanism shoul be added for the dramatically increase above a velocity of ∼10 m/s.
To observe the variation of energy absorbed above the velocity of 10 m/s clearly, Fig. 10 is presented. The energy absorbed per unit volume by indentation can be written as follows:
where E com and E tear are energy absorbed per unit volume by compression tests and by indenter tearing the material beside itself. Equation (15) is correct only if the plastic deformation area near the tearing surface is so small that the plastic energy in this area can be neglected. Figure 11 shows the typical specimen after indentation. The cells beside the cut lines fractured neatly which means little plasitc energy was dissipated near the cut line. On the other hand, in our previous work [12] , no obvious plastic deformation was observed beside the indenter in quasi-static indentaion. As to dynamic indentation, this area should be smaller. So Eq. (15) is used to calculate the tearing energy γ in dynamic loading. Then
where w is the width of the indenter. From Fig. 10 , it can be observed that the difference between E ind and E com does not change much for velocity of 10m/s-30 m/s, which means the tearing energy γ does not change significantly in this velocity range. Tearing energy γ calculated here is ∼15 kJ/m 3 , which is a little higher than quasi-static value ∼12 kJ/m 3 from our previous study [12] .
FEM analysis
To investigate the reason for the increase of the energy absorbed by specimen at velocity of 10 m/s-30 m/s, an FEM analysis using ABAQUS Explict was conducted. A 3D Voronoi model was used to simulate the compression and indentation process. The geometric information of the voronoi model was obtained from a C++ based program,
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DYMAT 2015 Voro++ [13] , and then imported to CAE program to establish an FEM model. The FEM model is shown in Fig. 12 , where the indenter and the support was modelled as rigid body. The cell walls were made up of S4R and S3R elements and the thickness of the cell walls was ajusted to fit the mass of the foam specimen. Hard contact was used in the model. No friction and no slide between the foam and the support was considered in our simulation. The compression simulation was firstly conducted. An elasticperfect plastic model and elastic-plastic hardening model were used for cell wall material respectively. The elastic modulus and the yield stress of the material are 69 GPa and 50 MPa respectively. For elastic-plastic hardening model, the two different plastic modulus was set as 140 MPa and 1400 MPa. The normalized force as the function of normalized compression depth is shown in Fig. 13 . Note the the plastic modulus for elastic-perfect plastic model is 0. Neither the plastic collapse strength nor the plateau force of the model with elastic-perfect plastic material increases with increasing velocity, which means that the inertia effects of the cell wall does not dominate in this velocity range. While the plastic hardening model shows great velocity sensitivity about the collaspe strength especially for the model with plastic modulus of 1400 MPa. The reason for this is the effect of plastic wave propagated in cell walls. The pasitc wave velocity C p can be expressed as
Where E p is the plastic modulus and ρ is the density of the material. Considering the plastic wave effect, the dynamic plastic collapse stress can be written as
Where σ qs and V i are quasi-static plastic collapse stress and node velocity of the cell wall. Equation (18) explained the increase of velocity sensitivity with increasing plastic modulus of the material. It should be noted that the plateau strengh of all the models did not show the velocity sensitivity, the reason for this difference from the tests result needs further investigation.
To simulate the indentation process, the elements near the tearing surface were eliminated when the plastic strain reached ε f . The indentation at 10 m/s was simulated and different ε f was used to investigate the relationship between the failure strain and the indentation energy. With failure strain 0.1, models with relative density of 0.09, 0.12, 0.15 were also analysed. To simplify the analysis, 04032-p.5 EPJ Web of Conferences elastic-perfectly plastic material model was used. The results are shown in Figs. 14 and 15. The indentation energy increases linearly with both failure strain of the elements and relative density of the foam. This increase may due to the linear increasing plastic work needed to tear the element with increasing failure strain and cell wall thichness.
Conclusions
In this paper, the indentation behaviour of aluminum foam at velocity of 10 m/s-30 m/s was investigated. SHPB was used to conduct the tests and 3D Voronoi foam model was used to simulate the compression and the indentation process. It was found that the compression and indentation energy absorbed per unit volume change slowly for the loading velocity below ∼10 m/s and increases significantly at velocity of 10 m/s-30 m/s. FEM analysis implies different mechanism in these two ranges. The inertia effect of the cell wall dominates at first and then the plastic wave plays an important role. The relationship bewteen the energy aborption ability and the failure strain of the element as well as the relative density of the model was also investiged.Tthere is a linear relationship between the energy absorbed per unit volume in indentaion and both the failure strain of the element and the relative density of the Voronoi model.
